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INTRODWXION 

Following r e sea rch  and development successes  in t h e  g a s i f i c a t i o n  of biomass (1) , t h e  
biomass component of DOE'S Biofuels  and Municipal Waste Technology M v i s i o n  program 
is emphasizing d i r e c t  l i q u e f a c t i o n  p rocesses  t o  premium hydrocarbon f u e l s  ( 2 ) .  The 
approach being explored a t  SERI i nvo lves  an i n t e g r a t e d ,  ambient-pressure process  i n  
which primary wood p y r o l y s i s  vapor is formed by f a s t  py ro lys i s  and immediately 
passed over a shape-select ive c a t a l y s t  t o  remove oxyRen as H20, CO. and COq. A 
l ead ing  vapor production method and t h e  eng inee r ing  a spec t s  of t h i s  process  are 
discussed by Diebold i n  two companion papers  i n  t h i s  symposium ( 3 ,  4) .  

We repor t  h e r e  prel iminary sc reen ing  r e s u l t s  on t h e  behavior of wood p y r o l y s i s  vapor 
and model compounds when passed,  a t  h i g h  d i l u t i o n ,  ove r  a sample of HZSM-5 supp l i ed  
by t h e  Mobil Corporat ion ( 5 ) .  

WPERIIIBNTAL 

The screening is c a r r i e d  o u t  u s ing  a simple.  qua r t z .  two-stage r e a c t o r  coupled t o  a 
f r e e - j e t ,  molecular-beam, mass-spectrometer sampling system. Ihis system and 
t y p i c a l  r e s u l t s  f o r  primary and secondary vapors from wood and i t s  c o n s t i t u e n t s  are 
descr ibed i n  a recent  p u b l i c a t i o n  (6). C a r r i e r  gas  (He f o r  t h e  r e s u l t s  shown below) 
is preheated i n  a 30 cm lower s e c t i o n  of 2 cm ID quartz .  A s i d e  ann al lows 
in t roduc t ion  of s o l i d  samples t o  t h e  hot  gas  OK i n j e c t i o n  of l i q u i d s  OK gases  
through syr inges.  'Ihe upper 30 cm long  s e c t i o n  con ta ins  t h e  c a t a l y s t ,  p laced a t  t h e  
c e n t e r  of t h e  upper s e c t i o n  f o r  temperature  uniformity.  

The c a t a l y s t s  used i n  t h i s  work are:  (1) medium pore s i zed  H-ZSM5 provided by Mobil 
(MCSG-2. ex t ruda te  wi th  an unspec i f i ed  amount of alumina b inde r ) ;  (2) medium pore  
s i z e d  S i l i c a l i t e  provided by Union Carbide (S-115, ex t ruda te  with 20% alumina);  
(3) l a r g e  pore s i zed  type Y Flolecular Sieve provided by Ulion Carbide (SK-500. 
ex t ruda te )  and ( 4 )  s i l i c a / a l u m i n a  obtained from Davidson (980-13, ex t ruda te )  . 
Gases and vapors emerging from t h e  qua r t z  r e a c t o r  a r e  immediately e x t r a c t e d  by a 
s o n i c  o r i f i c e  and converted by a second o r i f i c e  t o  a molecular  beam. Expansion t o  
molecular f low ensu res  r ap id  quenching and p r e s e n t s  a sample t o  t h e  ion source  of 
t h e  mass spectrometer  t h a t  has  not  s u f f e r e d  wa l l  c o l l i s i o n s .  In t h i s  way, highly 
condensible  spec ie s  can be sampled i n  r e a l  time. Ihe d a t a  shown below a r e  p o s i t i v e  
ion  mass spec t r a  us ing  low energy (22 .5  eV) e l e c t r o n s  t o  minimize fragmentation. 

I This system has t h e  advantage of a l lowing obse rva t ion  of t h e  a c t u a l  vapor s p e c i e s  

i 

t h a t  e n t e r  t he  c a t a l y s t  space and t h e  easy  obse rva t ion  of t he  breakthrough of 
r e a c t a n t  species .  A l l  product s p e c i e s  but  H2 can be followed, but  f ragmentat ion 
occass iona l ly  i n t e r f e r e s  and isomers cannot be s e p a r a t e l y  detected.  A t  t h e  moment, 
t h e  technique is s e m i - q u a n t i t a t i v e  and is viewed as a supplement t o  bench-scale 
systems with product c o l l e c t i o n  f o r  GC a n a l y s i s ,  mass balances.  and coke 
determinat ions ( 4 ) .  
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BBSLKTS AND DISCUSSION 

The goa l s  of t h i s  c a t a l y s t  s c reen ing  p r o j e c t  a r e  t o  ga in  i n s i g h t  i n t o  t h e  conversion 
of biomass p y r o l y s i s  products  with a v a r i e t y  of c a t a l y s t s  and under a range o f  
condi t ions.  The sc reen ing  r e s u l t s  a l low an assessment o f  s e v e r a l  important  aspects 
of the conversion p rocess :  t h e  i d e n t i f i c a t i o n  of promising c a t a l y s t s ;  t h e  
determinat ion of t h e  c r i t i c a l  v a r i a b l e s  in y i e l d  opt imizat ion;  t h e  e f f e c t  of 
c a t a l y s t  composition, s t r u c t u r a l  p r o p e r t i e s ,  and phys ica l  form on product formation;  
t h e  behavior of model compounds t h a t  r ep resen t  t he  range of f u n c t i o n a l i t y  and 
s t r u c t u r e  found in biomass py ro lys i s  vapors;  t h e  determinat ion of r e l a t t v e  coking 
r a t e s  f o r  va r ious  c a t a l y s t s  and feedstocks;  and t h e  r e g e n e r a b i l i t y  of c a t a l y s t s .  
This experimental  system w a s  designed t o  s t u d y  biomass p y r o l y s i s  vapors and has  been 
used t o  s tudy t h e  fundamentals of biomass py ro lys i s ,  both the  i n i t i a l  condensed 
phase py ro lys i s  and t h e  subsequent vapor phase p y r o l y s i s  (6). 

This sc reen ing  approach is not  a stand-alone technique,  however, and hench s c a l e  
experimentat ion is needed t o  provide d a t a  f o r  parameters which t h e  sc reen ing  
approach does not adequately address:  confirmed product i d e n t i f i c a t i o n ,  product 
mass balance,  long-term s t u d i e s  in a s s e s s i n g  c a t a l y s t  l i f e ,  and t h e  v a r i a t i o n  o f  
c e r t a i n  r e a c t o r  o p e r a t i n g  cond i t ions  which have l i m i t e d  ranges a t  t h i s  s c a l e ,  such 
as feed p a r t i a l  p r e s s u r e  o r  c a r r i e r  gas  f low r a t e .  I n i t i a l  r e s u l t s  a r e  r epor t ed  
h e r e  f o r  t he  e f f e c t  of t h e  type of c a t a l y s t ,  t h e  e f f e c t  of weight hourly space 
v e l o c i t y  (WHSV) and temperature ,  t h e  e s t i m a t i o n  of product  y i e l d s ,  and t h e  e f f e c t  o f  
cofeeding methanol f o r  wood vapor conversion to o rgan ic  products.  The r e l a t i v e  
performance of s e v e r a l  model compounds over  H-ZSM has  a l s o  been examined and 
prel iminary r e s u l t s  a r e  presented. 

The r e l a t i v e  a c t i v i t i e s  and behavior of f o u r  c a t a l y s t s  a r e  shown in Figure  1 which 
compares the  mass s p e c t r a  of t h e  products .  The low-olecular-weight products  (m/z's 
18-44) a r e  under-represented in t h e  s p e c t r a  due t o  d i sc r imina t ion  of t h e  d e t e c t i o n  
system a g a i n s t  low masses in t h e s e  p a r t i c u l a r  experiments.  Nevertheless ,  t h e  
uncorrected s p e c t r a  are s u f f i c i e n t  f o r  comparing d i f f e r e n t  c a t a l y s t s .  The H-ZSM5 
z e o l i t e  was t h e  c a t a l y s t  used f o r  most of t h e  work in t h i s  paper.  The S i l i c a l i t e  is 
a l s o  a shape s e l e c t i v e  c a t a l y s t  w i th  t h e  ZSM-5 a t r u c t u r e ,  but w i th  nea r ly  ze ro  
alvmintm in t h e  crystal l a t t i c e .  Ihe S i l i c a l i t e  Rave t h e  same type  of products  as 
H-ZSMS, but w i th  d i f f e r e n c e s  in t h e  proport ions.  The formation of l i g h t  aromatics  
[benzene (m/z 78). t o luene  (m/z 9 2 ) ,  xylene (m/z 106)l .  fu rans  [ fu ran  (m/z 68) and 
methyl furan (m/z 82)1, a lkenes  [propylene (m/z 42) and butene (m/z 56)1, and 
naphthalenes [naphthalene ( m / z  128) and methylnaphthalene (m/z 142) 1 a r e  t h e  major 
classes of products  from wood pyro lys i s  product conversion over  z e o l i t e  c a t a l y s t s .  
The fu rans  are in t e rmed ia t e s  t h a t  can be subsequent ly  converted t o  o t h e r  products  
w i th  higher  r e a c t i o n  s e v e r i t y  ( i .e . ,  lower WHSV o r  h ighe r  temperatures) .  The 
naphthalenes are formed under h ighe r  r e a c t i o n  s e v e r i t y  and a r e  most l i k e l y  
undes i r ab le  p roduc t s  f o r  most app l i ca t ions .  The shape-select ive n a t u r e  of these two 
c a t a l y s t s  is apparent .  There i s  no s e l e c t i v i t y  observed i n  t h e  d e s t r u c t i o n  of t h e  
wood p y r o l y s i s  vapors ,  as a l l  p y r o l y s i s  products  a r e  destroyed. However, the higher  
molecuiar weight primary products  may be converted t o  coke on t h e  macroaurface of 
t h e  c a t a l y s t ,  as w i l l  be discussed below. The Silicalite appears  t o  be less 
r e a c t i v e  than the  H-ZSM5 s i n c e  fewer a romat i c s  are formed r e l a t i v e  t o  C 0 2  (m/z 44) 
f o r  t he  S i l i c a l i t e ,  more fu ran  is formed r e l a t i v e  t o  the aromatics ,  more high- 
molecular-weight m a t e r i a l  su rv ives  ( t h a t  is probably a s soc ia t ed  wi th  the  wood 
Primary Pyro lys i s  p roduc t s ) ,  and l e s s  of t h e  heav ie r  a lkylnaphthalenes a r e  formed 
r e l a t i v e  t o  t h e  l i g h t  aromatics .  

The t h i r d  c a t a l y s t  shown in Figure  1 is a c r y s t a l l i n e  a l u m i n o s i l i c a t e  der ived from a 
wide bore,  type Y molecular  s i e v e  t h a t  shows s i g n i f i c a n t l y  l e s s  a c t i v i t y  than t h e  
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H-ZSM5 and s i l i c a l i t e .  The in t e rmed ia t e  fu rans  are comparable t o  t h e  l i g h t  
aromatics  and unreacted wood p y r o l y s i s  products  (mlz's  60. 98. 124, 150 and 164) a r e  
present  i n  the  spectrum. O l e f i n  y i e l d s  appear higher  than f o r  t h e  f i r s t  two 
c a t a l y s t s ,  however. 

The fou r th  c a t a l y s t  i n  Figure 1 i s  a s i l i c a / a l u m i n a  c a t a l y s t  which a l s o  shows t h e  
in t e rmed ia t e  conversion s la te  (1.e.. fu rans  and unreacted p y r o l y s i s  products) .  
i n d i c a t i n g  low a c t i v i t y .  The peaks a t  m/z's 134, 148. and 162 have higher  r e l a t i v e  
abundance than i n  t h e  s p e c t r a  from t h e  o t h e r  t h r e e  c a t a l y s t s  and a r e  l i k e l y  due t o  
t e t r a - ,  penta-, and hexamethylbenzene which form i n  higher  amounts than toluene,  
xylene. and t r imethylbenzene because of t h e  l a c k  of shape s e l e c t i v i t y .  which l i m i t s  
t h e  product s i z e  wi th  t h e  z e o l i t e  c a t a l y s t s .  

The proport ions of o rgan ic  products  t h a t  form from wood vapor over  H-ZSM5 vary  
sys t ema t i ca l ly  with WHSV and temperature.  I h e  e f f e c t s  of t hese  two parameters on 
t h e  r e l a t i v e  abundance of s e l e c t e d  products  from t h e  conversion of p ine  p y r o l y s i s  
products  over  H-ZSM5 are shown i n  F i g u r i  2. 'Ihe temperature  was va r i ed  from 300' t o  
55OoC and t h e  WHSV from 0.7 t o  2.0 hr- . l h e s e  are composi t ional  p l o t s  and do not  
d i r e c t l y  show t h e  y i e l d  of t hese  components s i n c e  coke w i l l  vary with these  
parameters and is not  r e f l e c t e d  i n  t h e  product d i s t r i b u t i o n .  The p l o t s  o f  
tr imethylbenzene, toluene,  and benzene show a t r e n d  f o r  dea lky la t ion  wi th  increased 
temperature.  h ime thy lbenzene  decreases  wi th  temperature ,  while  t o luene  i n c r e a s e s  
t o  a maximum a t  5OO0C and then decreases  a t  higher  temperatures.  A poss ib l e  
explanat ion is t h a t  t h e  dea lky la t ion  of t r imethylbenzene and xylene l e a d  t o  
increased abundances of toluene,  reaching a maximum a t  5OO0C where t h e  dep le t ion  of 
t hese  heavier  spec ie s  and t h e  dea lky la t ion  of t o luene  l eads  t o  a decrease i n  its 
r e l a t i v e  abundance. Benzene increased throughout t h e  temperature  range s tudied.  A t  
h igher  temperatures .  benzene r e l a t i v e  abundance a l s o  increased w i t h  lower WHSV's. 

The few in t e rmed ia t e s  from wood vapor are represented i n  Figure 2 by m/z 118 
(probably benzofuran).  which shows a maxima a t  4OO0C f o r  all t h r e e  WHSV's, a l though  
t h e  r e l a t i v e  abundance i n c r e a s e s  wi th  WHSV. lhe a lkenes  show a s t eady  i n c r e a s e  with 
temperature and a dependence on WHSV a t  t h e  h ighe r  temperatures.  'Ihe gene ra t ion  o f  
a lkenes under extreme r e a c t i o n  cond i t ions  poss ib ly  i n d i c a t e s  t h a t  t h e  mechanism of 
aromatic  formation from t h e  a lkenes  i n  methanol conversion is n o t  followed i n  wood 
pyro lys i s  product conversion. The aromatics  formed from wood a r e  poss ib ly  formed 
more d i r e c t l y  by t h e  dehydrat ion and a romat i za t ion  of t h e  primary p y r o l y s i s  products  
r a t h e r  t han  from t h e  polymerizat ion of a lkenes as i n  methanol conversion. The 
formation of condensed aromatics  is a l s o  enhanced a t  higher  temperatures ,  as 
demonstrated by naphthalene i n  F igu re  2. I h e  t r end  of lower y i e l d s  of naphthalenes 
with lower WHSV's is s u r p r i s i n g  s i n c e  t h e s e  a r e  t h e  f i n a l  products  t o  form. m e  
dea lky la t ion  of t h e  naphthalenes followed t h e  same t r end  as t h e  alkylbenzenes-- 
methylnaphthalene went through a maximum and then  decreased a t  h ighe r  temperatures .  

In methanol conversion. t h e  p a r t i a l  p re s su re  of t h e  feed has  a major e f f e c t  on t h e  
product d i s t r i b u t i o n  wi th  low p a r t i a l  p re s su res  l ead ing  t o  lower y i e l d s  o f  aromatics  
s i n c e  they a r e  formed by t h e  polymerizat ion of t h e  alkenes (7). The e f f e c t  of 
i nc reas ing  the  p a r t i a l  p r e s s u r e  of feed on t h e  product d i s t r i b u t i o n  from t h e  
conversion of 'biomass p y r o l y s i s  products  may no t  be t h e  same a s  wi th  methanol s ince  
t h e  aromatics poss ib ly  form i n  a d i f f e r e n t  mechanism. 'Ihe work r epor t ed  i n  t h i s  
paper is a t  low p a r t i a l  p r e s s u r e  of wood p y r o l y s i s  vapor i n  helium (1% by volume, 
assuming a vapor molecular  weight of 100). Var i a t ion  of t h i s  parameter  remains t o  
be s tud ied  and could provide c r u c i a l  i n s i g h t  as t o  t h e  mechanisms of both o l e f i n  and 
aromatic  product ion i n  wood p y r o l y s i s  product  conversion. 

289 



This  sc reen ing  technique is no t  t h e  optimum method of addres s ing  y i e l d s  of 
hydrocarbons based on t h e  i n i t i a l  weight o f  wood, bu t  a n  experiment was performed t o  
es t imate  t h e  y i e l d  of o rgan ic  products ,  t o  put t h e  screening r e s u l t s  in 
perspect ive.  Table 1 shows e s t ima tes  of t h e  w t  % of products  based on t h e  r e l a t i v e  
s e n s i t i v i t i e s  of t h e  major products  in t h i s  mass spec t romet r i c  dec tec t ion  method. 
The vapors analyzed inc lude  t h e  moisture  in t h e  feed and t h e  water ,  CO, and COP 
generated in t h e  primary p y r o l y s i s  of t h e  wood. Yields  were est imated by c o r r e c t i n g  
t h e  composition o f  t h e  vapor f o r  coke d e p o s i t i o n  on t h e  c a t a l y s t  and t h e  cha r  from 
t h e  i n i t i a l  py ro lys i s .  The coke was determined by weighing the  c a t a l y s t  before  and 
a f t e r  a known amount of wood was pyrolyzed and passed over t h e  c a t a l y s t .  The 
r e s u l t i n g  estimates of t h e  y i e l d  of o rgan ic s  v a r i e d  from 8% t o  11%. depending on t h e  
temperature and WHSV. Since t h e  s to i ch iomet ry  of wood can a l low a p o t e n t i a l  y i e l d  
of 30% l i g h t  aromatics  from wood due t o  t h e  removal of oxygen as H20 and CO (4) ,  t h e  
11% hydrocarbon y i e l d  r e p r e s e n t s  30% of t h e  t h e o r e t i c a l  y i e l d  o f  hydrocarbons from 
wood. For a d d i t i o n a l  s t o i c h i o m e t r i c  c o n s t r a i n t s  on aromatic  y i e l d s ,  s e e  Diebold and 
Scah i l l  (4) in t h i s  symposium. 

The r e l a t i v e l y  low l e v e l s  of hydrogen in biomass, coupled with t h e  high amount of 
oxygen t o  be r e j e c t e d .  a r e  t h e  reason f o r  t h e  30% t h e o r e t i c a l  y i e l d  of 
hydrocarbons. T h i s  has  l e d  Chen e t  a l .  (8) t o  propose t h e  cofeeding of methanol 
w i th  carbohydrates  t o  e n r i c h  t h e  feedstock in hydrogen and inc rease  t h e  p o t e n t i a l  
hydrocarbon yield.  This i d e a  was b r i e f l y  explored with wood. and t h e  product 
d i s t r i b u t i o n s  a r e  shown in Figure 3 f o r  methanol, wood, wood-plusqethanol.  and 
wood-plusmethanol w i th  t h e  methanol c o n t r i b u t i o n  subtracted.  As in Figure 1, t h e  
peaks f o r  water ( m / z  18).  CO (m/z 28 [ a l s o  in p a r t  due t o  e thy lene ] )  and C02 (m/z 
44) a re  under-represented i n  these  s p e c t r a  due t o  the  tun ing  of t h e  mass 
spectrometer .  The, product d i s t r i b u t i o n  f o r  methanol conversion a t  5OO0C and WHSV - 
2.8 (Figure 3A) shows t h e  major c l a s s e s  of products:  dimethyl e t h e r  ( m / z ' s  45 and 
46); t he  a lkenes (m/z's 28 [ a l s o  in p a r t  due t o  CO], 42, 56, 70 ,  and 84); and t h e  
methylated benzenes (m/z's 92. 106, and 120). Alkanes a r e  a l s o  a major product from 
methanol conversion but  a r e  no t  prominent in t h e  runs s p e c t r a  due t o  lower 
i o n i z a t i o n  s e n s i t i v i t y  and inc reased  i o n i z a t i o n  fragmentat ion.  The peaks a t  m/z's 
147 and 162 a r e  due t o  pen ta  and hexamethylbenzene. which form in high abundance 
when methanol is run immediately a f t e r  wood, poss ib ly  due t o  a l k y l a t i o n  of coke 
precursors  and s t r i p p i n g  from t h e  c a t a l y s t  su r f ace .  Ihe aspen product  d i s t r i b u t i o n  
a t  500°C and WHSV = 1 (F igu re  3B) has similari t ies t o  t h e  methanol, i nc lud ing  the  
presence of t h e  o l e f i n s  (m/z's 28. 42, and 56) and t h e  l i g h t  aromatics.  When t h e  

Tab le  1. Estimated Product Yie lds  from HIRIS Data 

Temp, OC 
WHSV, hr-' 

450 4 50  510 500 495 
2.4 4.2 2.7 3.6 4 .O 

Wster,  w t  % of Vapors 
co, w t  x o f  Vapors 
COT. w t  X of Vapors 

63.8 50.6 45.3 49.5 50.7 
10.7 19.1 23.8 19.8 18.7 
14.5 18.4 16.4 17 .0  15.6 

~ ~~~~~ 

Olef ins ,  w t  % of Vapors 6.9 6.3 10.3 8.8 . 9.7 
BTX, w t  % of Vapors 3.0 4.0 3.3 3.9 4.2 

Sum of  Organics ,  w t  % of Vapors 11.0 11.9 14.6 13.6 15.0 
Sum of Inorganics ,  w t  % of Vapors 89.0 88.1 85.4 86 .4  85.0 

Yield of Organics,  w t  % of Wood 8.0 8.7 10.7 9-9 11.0 
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two a r e  run t oge the r ,  t h e  spectrun looks f a i r l y  a d d i t i v e  with lesser amounts of 
o l e f i n s  than in t h e  pure methanol (F igu re  3C). When t h e  methanol c o n t r i b u t i o n  i s  
sub t r ac t ed  from the  combined run (F igu re  3D). it i s  apparent  t h a t  t h e  y i e l d  of 
aromatics  from t h e  biomass components is  inc reased  due t o  t h e  presence of methanol,  
and t h e  d i s t r i b u t i o n  of products  has  changed wi th  more xylene and t r imethylbenzene,  
r e l a t i v e  t o  benzene and ve ry  l i t t l e  alkenes.  Ihe  methylat ion of t h e  b iomassde r ived  
aromatics  is not  only i n c r e a s i n g  t h e  y i e l d  beyond t h e  a d d i t i o n  of t h e  two 
con t r ibu t ions ,  but is a l s o  changing t h e  products  toward higher  va lue  components. 
Based upon t h e  GC a n a l y s i s  of t he  noncondensible gases  ( 4 ) ,  t h i s  i nc rease  in 
methylated benzenes would be expected t o  occur  a t  t h e  expense of t h e  gaseous a lkanes  
formed from pure methanol. 

The behavior of model compounds, i n  a ve ry  prel iminary screening,  has  given some 
i n s i g h t  toward p o t e n t i a l  y i e l d s .  'Ihe product  s p e c t r a  of fou r  model compounds a r e  
shown in Figure 4. These s p e c t r a  were c o l l e c t e d  under d i f f e r e n t  tuning cond i t ions  
than  previous r e s u l t s  t o  b r ing  up t h e  low masses. As wi th  Figures  1 and 2 ,  however, 
t h e s e  r e s u l t s  have no t  been c a l i b r a t e d ,  so peak he igh t s  are not  d i r e c t l y  
i n t e r p r e t a b l e  as y i e lds .  The b e s t  u s e  of t h e s e  model compound sc reen ing  r e s u l t s  is 
f o r  product slate comparisons. The two  major t r e n d s  a r e  summarized here:  (1) t h e  
carbohydrate-derived r i n g  compounds such a s  a-angel icalactone (Figure 4B) and 
f u r f u r y l  a lcohol  gave t h e  g r e a t e s t  y i e l d s  of aromatics ,  while lower y i e l d s  were 
obtained from t h e  l i g h t  oxygenates.  such as hydroxyacetaldehyde (F igu re  4D); and (2) 
l ignin-der ived products .  from ca techo l  and gua iaco l  t o  isoeugenol (Figure 4A) and 
c o n i f e r y l  a l coho l ,  gave ve ry  low y i e l d s  of l i g h t  aromatics  and t o t a l  o rgan ic s  b u t  
were completely destroyed,  i n d i c a t i n g  a h igh  coking p o t e n t i a l  f o r  t h e  l ignin-der ived 
methoxyphenols and phenols. 

The formation of fu ran  from c e l l u l o s e  was p rev ious ly  reported (9). F u r f u r a l  formed 
fu ran  a s  shown i n  Figure 4C; methyl f u r f u r a l  formed most ly  methyl f u r a n  wi th  minor 
amounts of furan;  and hydroxymethyl fu ran  formed more fu ran  than  methyl furan.  

The y i e l d  of water  w a s  always g r e a t e r  t han  t h e  sum of CO and CO f o r  both t h e  l i g n i n  
and the carbohydrate  products  t h a t  were s t u d i e d  except  f o r  t i e  carbohydrate  r i n g  
compounds such a s  a-angel icalactone and f u r f u r a l .  Several  compounds gave h igh  
y i e l d s  of p a r t i c u l a r  products  t h a t  were more r e l a t e d  t o  t h e  f u n c t i o n a l i t y  than  t h e  
elemental  composition: (1) compounds con ta in ing  aldehyde groups,  such as 
hydroxyacetaldehyde (F igu re  4D) and t h e  f u r f u r a l s  (Figure 4C). gave h ighe r  y i e l d s  of 
CO (Angel icalactae a l s o  gave h igh  y i e l d s  of CO), (2) a c e t i c  a c i d  gave a r e l a t i v e l y  
h igh  abundance of C02 a s  might be expected due t o  decarboxylat ion,  (3) a c e t i c  ac id  
and a c e t o l  gave h igh  r e l a t i v e  y i e l d s  of a lkenes  r e l a t i v e  t o  t h e  heav ie r  compounds, 
perhaps due t o  t h e  formation o f  C2 and C3 hydrocarbons a f t e r  t h e  l o s s  of oxygen as 
H20 or C02, and ( 4 )  hydroxymethylfurfural  gave less than  h a l f  t h e  y i e l d s  of a l l  
o rgan ic  products  t han  d i d  methyl f u r f u r a l .  

In add i t ion  t o  s e l e c t e d  model compounds, t h r e e  carbohydrates  were pyrolyzed and 
passed over t he  c a t a l y s t .  Levoglucosan, glucose,  and sucrose gave t h e  same 
d i s t r i b u t i o n  of product c l a s s e s .  

SIIII(ABY 

The r e s u l t s  obtained so f a r  with wood vapor over  Mobil 's  sample of HZSM-5 can be 
summarized a s  fol lows:  

0 Yields  of t o t a l  o rgan ic s  up t o  30% of a pos tu l a t ed  t h e o r e t i c a l  maximum y i e l d  of 

I 

30 w t  % have been obtained.  
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H20 always exceeds the  sum of CO and C02 f o r  wood vapor products.  

Yields of o l e f i n s  exceed those  of a romat i c s ,  q u i t e  probably due t o  t h e  low p a r t i a l  
p ressure  of m o d  vapor i n  He ( t y p i c a l l y  1 v o l  Z a s s m i n g  s wood vapor average 
molecular weight of 100). 

0 Fresh c a t a l y s t  is extremely a c t i v e ,  conver t ing  a l l  wood-derived spec ie s .  even 
heavy l i g n i n  s p e c i e s ,  a l though coke i s  a l i k e l y  major product.  

0 Methanol (approximately 1.5: 1 methanol/wood pyro lys i s  vapor by weight) increased  
the  hydrocarbon y i e l d ,  mainly a s  xylene and trimethylbenzene. 

Product s l a t e s  c a n  be manipulated by tempera ture  and WHSV. 

There a r e  v i r t u a l l y  no in t e rmed ia t e s  observed from wood vapors  (as  w i t h  dimethyl 
e the r  from methanol),  excep t  fu ran  s p e c i e s  from t h e  carbohydra tes .  

It is apparent  t h a t  i n  f u t u r e  work, c a t a l y s t  c h a r a c t e r i s t i c s  and v a r i a t i o n s  such a s  
su r face  a c i d i t y ,  c r y s t a l l i t e  s i z e ,  and SUA1 r a t i o  should be explored. In add i t ion ,  
model compounds should  be s tud ied  t o  exp lo re  t h e  mode o f  oxygen removal and coking 
i n  f u n c t i o n a l i t i e s  p re sen t  i n  wood vapor. 'Ihe s y n e r g i s t i c  b e n e f i t s  of methanol as a 
hydrogen c a r r i e r  should  be  quan t i f i ed .  
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FIGURE 1, MASS SPECTRA OF THE PRODUCTS OF THE CONVERSION 
OF PINE WOOD PYROLYSIS VAPOR OVER VARIOUS 
CATALYSTS AT 5OO0C AND WHSV OF 1: A) MOBIL'S 
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CARBIDE'S MOLECULAR SIEVE; AND D) DAVIDSON'S 
S ILICA/ALUMINA, 

293 



TRlYEtWYL BENZENE 

W a 
400 5 6 0  

4-  PROPYLENE 

3- 

NAPHTHALENE 

0 
TEMPERATURE, C 

FIGURE 2, THE EFFECT OF TEMPERATURE AND WHSV ON THE DISTRIBUTION 
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FIGURE 3, MASS SPECTRA OF THE PRODUCTS OF THE CONVERSION OF 
METHANOL AND ASPEN PYROLYSIS VAPORS OVER HZSM-5: 
A) METHANOL ALONE, 500OC, WHSV = 2.8; B) ASPEN 
PYROLYSIS PRODUCTS ALONE, 500OC, WHSV = 1.9; 
c) COFEEDING METHANOL AND WOOD USING THE CONDITIONS ' 

IN A) AND B): D) THE RESULTS IN c) WITH THE METHANOL 
ALONE RESULTS A)  SUBTRACTED SHOWING THE ENHANCEMENT 
TO THE ASPEN PRODUCT UISTRIBUTION, 
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FIGURE 4, MASS SPECTRA OF THE PRODUCTS OF THE CONVERSION 

OF MODEL COMPOUNDS OYER HZSM-5: A) ISOEUGENOL, 
5OO0C, WHSV = 2,4 :  B) 9-ANGELICALACTONE, SOOOC, 
WHSV = 2,o; C) FURFURAL, 5OO0C, WHSV = 1,5; AND 

D) HYDROXYACETALDEHYDE, 5OO0C, WHSV = 6 , l .  
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